In-vivo light dosimetry for patients undergoing photodynamic therapy (PDT) is critical for predicting PDT outcome. Patients in this study are enrolled in a Phase I clinical trial of HPPH-mediated PDT for the treatment of non-small cell lung cancer with pleural effusion. They are administered 4mg per kg body weight HPPH 48 hours before the surgery and receive light therapy with a fluence of 15-45 J/cm 2 at 661 and 665nm. Fluence rate (mW/cm 2 ) and cumulative fluence (J/cm 2 ) are monitored at 7 sites during the light treatment delivery using isotropic detectors. Light fluence (rate) delivered to patients is examined as a function of treatment time, volume and surface area. In a previous study, a correlation between the treatment time and the treatment volume and surface area was established. However, we did not include the direct light and the effect of the shape of the pleural surface on the scattered light. A real-time infrared (IR) navigation system was used to separate the contribution from the direct light. An improved expression that accurately calculates the total fluence at the cavity wall as a function of light source location, cavity geometry and optical properties is determined based on theoretical and phantom studies. The theoretical study includes an expression for light fluence rate in an elliptical geometry instead of the spheroid geometry used previously. The calculated light fluence is compared to the measured fluence in patients of different cavity geometries and optical properties. The result can be used as a clinical guideline for future pleural PDT treatment.
INTRODUCTION
Malignant pleural effusions are common clinically and there are no widely accepted curative approaches. Radiotherapy and chemotherapy have little effect in the treatment of malignant pleural mesothelioma. The prognosis of most patients with malignant pleural effusion is poor. The treatment of a malignant pleural effusion usually begins with a thoracentesis which provides temporary relief of symptoms, but often these effusions recur. These poor results have led to investigation of adjuvant photodynamic therapy (PDT). [1] PDT is an investigative cancer treatment modality that has been under development during the last decades. [2, 3] The basis of this therapy involves the in situ activation of a photosensitizer accumulated in tumor and normal tissue by visible light, causing cell death.
In-vivo light dosimetry for patients undergoing PDT is one of the dosimetry quantities critical for predicting PDT outcome. We evaluated the mean light fluence rate delivered to patients undergoing pleural PDT as a function of treatment time, treatment volume and surface area, and its accuracy. The accuracy of determining the treatment volume among CT, navigation system and surgical determination using saline volume were determined. Direct light and the effect of the shape of the pleural surface on the scattered light were studied. We used a real-time infrared (IR) navigation system to separate the contribution from the direct light. [4] Theoretical calculations were performed using measured optical properties performed in-vivo, to determine the relationship between the treatment time and the treatment area and compared to the measured results. 
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Determination of tissue optical properties
The optical properties of various tissues in the thoracic cavity (chest wall, diaphragm, esophagus, lung, pericardium, skin, lung) before and after PDT treatment were determined by analyzing the diffuse reflectance spectra measured ( Figure 2 ) in four channels of the detection probe ( Figure 3 ) using an algorithm that quantifies the scattering spectrum and contributions to absorption of hemoglobin and HPPH. [6] The optical properties before and after PDT treatment were determined by analyzing the diffuse reflectance spectra measured in four channels of the detection probe. [6] This algorithm quantifies the scattering spectrum and contributions to absorption of hemoglobin and HPPH. Using these parameters, the best-fit optical properties at the wavelength of treatment (665nm) can be determined. Table1 lists the minimum, maximum, and mean values of each parameter from among the 12 patients made on various tissue types (one before and one after PDT) in each of four channels. 
Calibration of isotropic detectors for in-vivo light dosimetry

2.4.1Description of the isotropic detectors used in our study
Isotropic detectors were used to measure the light energy fluence rates delivered to patients undergoing pleural PDT. An isotropic detector consists of a highly scattering material spherical bulb attached to the tip of a flat cut optical fiber. The fiber detector has a spherical scattering tip that detects light from all directions. The output of the optical fiber is connected to a photodiode via a SMA connector. The light reaching the bulb from any direction is multiply scattered before it contributes to the light that reaches the optical fiber. The spherical detector measures the radiant energy fluence rate Φ (mW/cm 2 ). Figure 4 shows a picture of one of the isotropic detectors used in our study. The isotropic detector has a 0.5mm scattering tip and is manufactured by MedLight S.A. (Switzerland). 
Calibration procedure
To calibrate the fluence rate and the laser power, first we calibrate a 1 mm detector under broad beam geometry. A 1mm isotropic detector with good isotropy is placed in the center of the uniform beam, at the same level as the power meter, at the same distance from the light source and is connected to a dosimetry system. The light fluence rate of the isotropic detector is then calibrated in the collimated beam geometry using the measured power S and the calculated light fluence rate (φ = S (mW)/πD 2 , D is the detector diameter) as a transfer standard.
We use a 6" integrating sphere (IS-06-SF, Labsphere, North Sutton, NH) to ensure uniformity and reproducibility of light fluence rate during calibration (figure 5). The integrating sphere contains three 1.5-inch diameter input ports and one 0.5-inch diameter detector port. Because of the multiple scattering inside the sphere, the light fluence rate is uniform everywhere inside the sphere, regardless the relative geometry of the light and the integrating sphere. The fluence rate in air φ 0 is proportional to the power reading I of the power meter by a calibration constant α , i.e.
The calibration is performed using the transfer isotropic detector. Using the calibrated integrating sphere, one can calibrate isotropic detectors in the integrating sphere such that the measured photovoltage (V) from the isotropic detector was proportional to the light fluence rate by:
where a (mW/cm 2 /V) is the conversion factor for fluence rate and b (V) characterizes the leakage of the photodiode. The isotropic detector is inserted in the integrating sphere via a diffusive tube to ensure that no direct light from the light source reaches the isotropic detector.
Image guided pleural PDT
An image guided PDT treatment planning system was used in most of the cases. This system uses an infrared camera and tracking tools to locate the irradiation source positions during the treatment. With pre-determined pleural cavity contour, light fluence distribution is calculated and displayed for the surgeon in real time. Preliminary results have been obtained using this prototype system in phantom and patients. This system has been tested with both 630 nm and 661 nm laser irradiation and HPPH photosensitizer. Cavity contours were determined using a contour wand. 
RESULTS AND DISCUSSION
Isotropic detector calibration accuracy
Integrating sphere calibration accuracy
The integrating sphere was calibrated for the light fluence rate (figure 6). The variation of the calibration factors, α, over a period of time is plotted in figure 6 (a) for 661nm and (b) for 665nm and summarized in Table 2 . The average CF is plotted as a continuous line. 
Angular dependence of the isotropic detectors
An ideal isotropic detector would respond to light isotropically from any angle. However, a practical isotropic detector does not respond to light isotropically, because the light incident to the detector at an angle close to the stem of the detector will not be detected because of the blockage by the optical fiber. The angular response of the detectors was measured in two planes: horizontal and vertical, as shown in figure 7 . The response of each detector was measured for every ten degree in each plane. Normalized angular response to 0 degree correction factor of eleven 0.5mm isotropic detectors in the vertical plane is shown in figure 7a and normalized angular response to 90 degrees in the horizontal plane is shown in figure 7b . A summary of the variation of the normalized calibration factors, a/a avr , for the eight detectors used is shown in Table 3 . 
Relationship between treatment time and the treatment area
Light dosimetry was used for each PDT light delivery to monitor the dose delivered to the cavity. Isotropic detectors were sewed onto the thoracic wall as shown in figure 1 and were used to measure light fluence during treatment. We studied the relationship between the time needed to deliver the prescribed dose as a function of the volume and surface of the treated cavity. We also compared the CT volume and area with the one obtained using the navigation system. We used an image guided pleural PDT system to delineate the cavity contours by using a contouring wand and software. We compared the cavity volumes and area obtained from the CT scans to those obtained using the navigation system, and the results are shown in Table 4 . The time for light delivery varied from 2120s to 5407s. The volume of the treated cavity varied from 349 to 3183cm 3 and the surface of the treated cavity varied from 385 to 1756cm 2 , as shown in table 4. CT Volume (cm3) Figure 10 shows a wire-plot of the treated cavity walls for each of the 20 studied patients. Next to each plot, the volume and area of the structure is shown. It is clear that treating the thoracic cavity with uniform dose is a difficult task, given the very complex geometry of the thoracic walls. The volume of the treated cavity varied from 349cm 3 to 3183cm 3 . The treated surface area varied from 385cm 2 to 1756cm 2 . The prescribed dose was delivered in a different amount of time for each patient. Time varied between 2089 and 5407s depending on the volume size and geometrical complexity. Comparison of the cavity volume was made between the ones obtained using the navigation system, CT and water volume filling the cavity measured during the treatment. A plot of the navigation volume vs the CT volume is plot in Figure 12 (a) and the water volume vs Ct volume is plot in Figure 12 (b). A comparison of volumes and area between CT, water and navigation system volumes is shown in Table 5 . 
Summary of light fluence rate results
The average fluence rate delivered among the studied patients was 9.3 mW/cm 2 and the calculated fluence rate, based on the prescribed dose and time for delivery was 10.3 mW/cm 2 , as shown in table 6. An example of dose monitoring during treatment delivery is shown in figure 13 . Figure 13 a through d are plots of the cumulative fluence for each of the seven sites monitored by isotropic detectors for prescription dose of 15, 20, 25 and 45J/cm 2 . Figure 13 e through h show the fluence rate received by each of the detectors for a prescription dose of 30J/cm 2 . The fluence rate varies during the treatment; an average overall fluence rate 9.3mW/cm 2 was determined. 
CONCLUSIONS
We have determined the mean light fluence rate for HPPH-mediated PDT to be between 3.3 to 14 mW/cm 2 . We established that there is no correlation between the treatment time and the treatment volume and area from an analysis of 20 HPPH-PDT patients. The CT volume is always smaller than volume determined in OR by a factor of 2.8 for volume and 1.3 for area. Further studies are needed to find the causes.
